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ABSTRACT: Gangliosides are amphiphilic molecules found in
the outer layer of plasma membranes of all vertebrate cells. They
play a major role in cell recognition and signaling and are
involved in diseases affecting the central nervous system (CNS).
We are reporting the differential distribution of ganglioside
species in the rat brain’s cerebrum, based on their ceramide
associated core, and for the first time the presence of acetylation
detected by matrix-assisted laser desorption/ionization
(MALDI) mass spectrometry, which was used to map and
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image gangliosides with detailed structural information and histological accuracy. In the hippocampus, localization of the major
species GM1, GD1, O-acetylGD1, GT1, and O-acetylGT1 depends on the sphingoid base (d18:1 sphingosine or d20:1
eicosasphingosine) in the molecular layer of the dentate gyrus (ML), which is made up of three distinct layers, the inner molecular
layer (IML), which contains sphingosine exclusively, and the middle molecular layer (MML) and the outer molecular layer (OML)
where eicosasphingosine is the only sphingoid base. These results demonstrate that there is a different distribution of gangliosides in
neuronal axons and dendrites depending on the ceramide core of each layer. GM3, GM2, GD3, and GD2 contain sphingosine
predominantly and are mainly present in body cell layers, which are made up of the pyramidal cell layer (Py) and the granular layer of
the dentate gyrus (GL), in contrast with GQ1 and the O-acetylated forms of GD1, GT1, and GQ1 gangliosides, which contain both
sphingoid bases. However their distribution is based on the sialylated and acetylated oligosaccharide chains in the neuronal cell

bodies.
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Gangliosides are found in the outer plasma membrane layer of
vertebrate cells. They are synthesized in the endoplasmic
reticulum on a ceramide scaffold, which includes a fatty acid and a
sphingoid base." Their glycosylation and sialylation take place in
the Golgi apparatus.” They are one of the main constituents of lipid
rafts>* and play a major role in cell recognition and signaling.5’6

They are involved in diseases of the central nervous system
such as GM1- and GM2-gangliosidosis affecting lysosomes [ Sandhoff
AB variant and Tay—Sachs],” and sialidosis where GM3 species
are involved as in Alzheimer's disease where gangliosides bind A3
peptides,® as well as in peripheral nervous system diseases such as
Guillain—Barre syndrome.” Aberrant glycosylations are also
found in cancerous cells.'® Ganglioside antibodies, which recog-
nize the sialylated oligosaccharide chain, are usually used to
localize these molecules in brain tissue sections.""'* However no
information on the ceramide core can be obtained by this
approach thus highlighting the need for mass spectrometric
imaging, which is a form of molecular imaging. It is a powerful
and complementary method for mapping ganglioside species
because it gives detailed information on the ceramide core using
different matrices.">”'® The present work demonstrates that we
can also detect acetylation of gangliosides, which was not previously
seen. Analysis of gangliosides by MALDI was always a challenge,
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because in source fragmentation of gangliosides results in the
generation of GM1 from GD1 and GT1 through the loss of a
sialic acid and is a major problem for the identification of these
molecules.”"® Direct tissue analysis for imaging and mapping of
GML1 in white matter gives misleading images of their distribu-
tion, which ends up looking like that of GD1. To minimize the loss
of sialic acid moieties, high pressure in the MALDI source was
suggested.'” Direct profiling of ganglioside species in brain tissue
sections by MALDI mass spectrometry to localize GM1 species
in white matter was previously done.”>*" In the current work, we
minimized the impact of the loss of sialic acid moieties by using
imaging software to normalize the signal, and thus our images
reflect the correct GMI localization and distribution in the
cerebrum from MALDI MS data for the first time. Our ima%es
were correlated to immunostaining results from GM1 antibodies.' >
In this work, major and minor ganglioside species including acetylated
forms were mapped in rat brain tissue sections and then with
expanded details in the hippocampus area where our images
show a high level of brain structural information.
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Figure 1. Mass spectrum of ganglioside species from rat cerebrum coronal tissue sections with (A) saturated DHA matrix and (B) saturated
DHA/ammonium sulfate 125 mM/HFBA 0.05% using a MALDI-LTQ in negative ion mode. The presence of salt adducts such as GD1 +
Na (m/z 1857.7) and loss of H,O (m/z 1817.7 and m/z 2109.9) were observed for GD1 and GT1 gangliosides using saturated DHA (A).
Only GM1, GD1, and GT1 gangliosides could be detected. GM1 (d18:1/C18:0; m/z 1544.7) represents the major ganglioside species due
to in source fragmentation of GD1 and GT1 species resulting in the loss of sialic acid moieties. Addition of ammonium sulfate 3 mM in the

matrix preparation increases the detection of minor and major ganglioside species. In addition, O-acetylated ganglioside species are also
observed (B).
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B RESULTS AND DISCUSSION

Ganglioside Distribution in Rat Brain Tissue Sections by
MALDI. MS spectra were acquired with a MALDI-LTQ mass
spectrometer in negative ion mode using DHA and DHA/
ammonium sulfate/HFBA matrix preparation. We previously
reported the use of the DHA matrix for ganglioside analysis using
a conventional axial MALDI-TOF.">?° Without ammonium sulfate,
spectra of gangliosides are dominated by sodium adducts of GD1
and GT1 and their dehydrated forms. Minor and O-acetylated
ganglioside species could not be detected (Figure 1A.). Similar
results were obtained with the widely used lipid matrix DHB/
0.1% TFA."> More recently, gold nanoparticles were used to
detect and localize more gangliosides except GT1 and GQI
species.'® However addition of ammonium sulfate to the DHA
matrix preparation minimized salt adducts and increased detec-
tion of deprotonated ions [M — H]~ for all ganglioside species
including minor and O-acetylated species. In addition, the loss of
CO, reported with the use of the ATT matrix™> was minimal or
nonexistent. We did observe some loss of H,O mainly from the
minor species. Most major gangliosides such as GM1, GD1, GT1,
and their O-acetylated forms (O-acetylGD1, O-acetylGT1), as well
as the minor species GM3, GM2, GD2, GT2, GQl, O-acet-
ylIGQl, and 20-acetylGQl, were detected (Figure 1B). No
O-acetylated GM1 species were seen under these conditions.
This result suggests that the presence of acetylations on sialic acid
moieties prevents in source fragmentation of O-acetylGDI,
O-acetylGT1.

Structural Elucidation of Gangliosdies by ESI-MS” Anal-
ysis. In order to confirm the assignments in Figure 1, MS”
analysis was conducted using an ESI-LTQ Orbitrap in negative
ion mode with both CID and HCD fragmentation. A total
ganglioside extract from brain tissue sections, obtained from
the same bregma as the imaged tissue in this study, was analyzed.
Figure 2 illustrates product-ion spectra for the doubly charged
molecular ion for GD1 (d18:1/C18:0) at m/z 917.48 (Figure 2A)
and O-acteylGD1 (d18:1/C18:0) at m/z 938.50 (Figure 2B) in
negative ion mode with HCD fragmentation. In both spectra, we
observed a sequential fragmentation of the headgroup (oligosac-
charide chain and sialic acid moieties) in agreement with Domon
and Costello** and represented by peaks at m/z 1544.87,
1253.77, 1091.72, 888.64, 726.59, 564.54, and 283.26. The
representative sialic acid peak at 71/2 290.1 and that representing
two sialic acid moieties m/z 581.2 were observed in both spectra.
The presence of one acetyl group (+42 Da) in the O-acetylGD1
(d18:1/C18:0) ganglioside species and its attachment to the
sialic acid moiety was confirmed by the presence of mass peaks
1586.88, 1295.81, 623.19, and 332.10.*° Additional confirmation
of O-acetylation was obtained by MS® of 581.2 [2SA — H]~
(Figure 2C) and 623.2 [20-acetylSA — H]~ (Figure 2D). As
expected, the MS® spectrum of $81.2 contained only one major
fragment peak at 290.1 [SA — H] ™, while the MS® spectrum of
623.2 contained several fragment peaks with the two major peaks
at 332.2 [O-acetylSA — H] ™ and 290.2 [SA — H] . This result
further substantiated the assignment of one acetyl group attached
to a sialic acid residue for the peak at m/z 938.50. All peak assign-
ments for acetylation were confirmed by MS" fragmentation, and
the results are listed in Table 1.

Imaging Mass Spectrometry of Major and Minor Ganglio-
side Species in Rat Brain Tissue Sections. We imaged gang-
lioside distribution in a rat brain section corresponding to plate
81 (interneural 3.24 mm, bregma —5.76 mm) of the coronal
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Figure 2. Product-ion spectra of the doubly charged ion [M — 2H]*~
GD1 (d18:1/C18:0) ganglioside (/2 917.48) (A) and the doubly charged
ion [M — 2H]*~ O-acetylGD1 (d18:1/C18:0) ganglioside (m/z 938.50)
(B) and MS® spectra of (C) m/z 581.18 [2SA — H] ™ and (D) m/z 623.19
[20-acetylSA — H]—: (&) glucose (Glc); (@) galactose (Gal); (M) N-
acetylgalactosamine (GalNac); (<) sialic acid (SA/NeuAc).

location from The Rat Brain in Stereotaxic Coordinates.*® A plate
of an acetylcholinesterase staining from Paxinos and Watson’s
Atlas show the three distinct layers (IML, MML, OML) forming
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Figure 3. AChE staining and cresyl violet staining of a rat brain section corresponding to plate 81 (interneural 3.24 mm, bregma —5.76 mm) of the
coronal location from The Rat Brain in Stereotaxic Coordinates.”® This area was used for all the images in this study.

the molecular layer (ML) of the hippocampus’ dentate gyrus, and
a cresyl violet staining was also performed to localize the body
cell layers such as the pyramidal cell layers (Py) and the granular
layer of the dentate gyrus (GL) of the hippocampus (Figure 3).
Except for the GM1 localization, all other ganglioside species
were mapped using a normalization procedure (mass range species/
total ion current (TIC)) to increase the visual acquity of the
images (Figure 4A). The in source fragmentation of GD1 and
GT1 results in the loss of sialic acids moieties, thus giving mislead-
ing images (maps) of the distribution and localization of GM1.
After application of software for signal normalization (GM1 mass
range/GD1 mass range), GM1 (d18:1/C18:0; m/z 1544.7) is
clearly detected in the corpus callosum, and its distribution
corresponds to that of immunostaining results obtained with
GM1 antibody'"** (Figure 4B). The normalization procedure
will be explained in the Methods section. The major brain
gangliosides (GM1, GD1, and GT1) and GQls were mapped
(Figure SA.). A differential distribution was observed in brain
coronal sections depending on the sphingoid base of each
species. They are also seen in the substantia nigra, cerebral
peduncle, hippocampus, and midbrain. However, the GM1
(d20:1/C18:0) species (m/z 1572.7) is minimally present in
the corpus callosum and midbrain and is mostly found in the
hippocampus and the substantia nigra, a result that could not
have been deduced from immunostaining because it does not
distinguish between GM1 (d18:1/C18:0) and GM1 (d20:1/
C18:0) isoforms. In addition, mass spectrometry could not
previously distinguish between GM1 generated from in source
fragmentation of GD1 and GT1. The GD1 ganglioside (d18:1/
C18:0) species (m/z 1835.7) is not expressed in the corpus
callosum and part of the midbrain region but is present in the
hippocampus, cortex, periaqueductal gray area, interpeduncular
nucleus, and substantia nigra, while the GD1 (d20:1/C18:0)
ganglioside species (m/z 1863.7) is mainly located in the cortex,
superficial gray superior colliculus, and part of the hippocampus.
The distributions of GT1 species are similar to GD1 species in
function of their sphingoid base. The elusive GQ1 (d18:1/
C18:0) ganglioside species (m/z 2417.8) was mapped in the
periaqueductal gray area, dorsal subiculum, superficial gray
superior colliculus, and minimally in GL of the hippocampus,
while the GQ1 (d20:1/C18:0) species (m/z 2445.8) is mostly
present in the corpus callosum.

One of each of the minor ganglioside species with the same
ceramide core (d18:1/C18:0) is also shown (Figure SB): GD2
(m/21673.7), GT3 (m/z21761.7),and GT2 (m/z 1964.7), which

A Signal normalization : GD1 mass range wssssp GD1 mass range/total ion current

GD1d18:1/C18:0 GDI1 d18:1/C18:0
'z 18357 m/z 1835.7

B. Signal normalization : GM1 mass range/total ion current sssssp GM1 mass range/GD1 mass range

GM1 d18:1/C18:0 GM1 d18:1/C18:0
nrz 15447 mz1544.7

Figure 4. In order to improve the visual quality of the images, the m/z
range of interest was normalized by dividing by total ion current (TIC) for
the mass spectra for all ganglioside species except the GM1 (A). Due to in
source fragmentation of complex ganglioside species (mostly GD1 due to
the loss of one sialic acid moiety), the mapping of GML1 is flawed and
represents principally the GD1 distribution. Another signal normalization

was performed using the imaging software resulting in the true distribution
of GM1 species corresponding to the immunostaining data (B).>

are mostly present in the corpus callosum, midbrain, and hippo-
campus but not in the substantia nigra, periaqueductal gray, and
interpeduncular nucleus. In contrast GM3 (m/z 1179.7) and
GM2 (m/z 1382.7) ganglioside species are expressed in the
ventricles and hippocampus areas. The GM2 signal at the edge of
the tissue section is not due to GM2 distribution. It is background
noise from the stainless steel plate. In addition, GM3 is also
found in the corpus callosum. The GD3 (m/z 1470.7) ganglio-
side species is mainly present in the superficial gray superior
colliculus, periaqueductal gray area, and interpeduncular nucleus.
In the hippocampus area, all minor ganglioside species are localized
in Py and GL except for the GT3 species.

Localization of O-Acetylated Ganglioside Species. In ad-
dition to differentiating gangliosides based on their ceramide core
structure. Another differential distribution due to one or two
acetylations of sialic acids moieties was also delineated (Figure 6).

The acetylated ganglioside species, of which this is the first
mapping by imaging mass spectrometry, are mainly located in the
hippocampus area and the cerebral cortex for the d18:1 sphin-
gosine base such as O-acetylGD1 (m/z 1877.7) and O-acetylGT1

217 dx.doi.org/10.1021/cn100096h |ACS Chem. Neurosci. 2011, 2, 213-222
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A GM1 d18:1/C18:0 GD1 d18:1/C18:0 GT1d18:1/C18:0  GQ1 d18:1/C18:0
N ny/z 1544.7 nyz 1835.7 rmy/z2127.7 vz 2417.8

GM1 d20:1/C18:0 GD1 d20:1/C18:0 GT1d20:1/C18:0  GQ1 d20:1/C18:0

nyz 1572.7 m/z 1863.7 nvz 2155.7 m/z 2445.8

B. GM3 di8:1/C18:0 GM2 d18:1/C18:0 GD3 d18:1/C18:0
myz 1179.7 my/z 1382.7 m/z 1470.7 100% 100 %

GD2 d18:1/C18:0 GT3 d18:1/C18:0 GT2 d18:1/C18:0
m/z 1673.7 m/z 1761.7 m/z 1964.7
0% 0%

Figure S. MALDI imaging mass spectrometry of minor and major ganglioside species using saturated DHA/ammonium sulfate 125 mM/HFBA 0.05%
using a MALDI-LTQ in negative ion mode. Major ganglioside species (GM1, GD1, and GT1) and GQ1 species were mapped based on their ceramide
core made of sphingosine (d18:1) or eicosasphingosine (d20:1). GM1 ganglioside species are mapped after signal normalization using the imaging
software (A). A differential distribution of minor ganglioside species is also observed using this matrix preparation and shows different localization in
function of the degree of glycosylation and sialylation for these species (B).

0-acetylGQ1 20-acetylGQ1
O-acetylGD1 d18:1/C18:0 O-acetylGT1 d18:1/C18:0 d18:1/C18:0 d18:1/C18:0

m/z 1877.7 m/z 2168.7 m/z 2459.8 m/z 2501.8

O-acetylGQ1
O-acetylGD1 d20:1/C18:0 0O-acetylGT1 d20:1/C18:0 d20:1/C18:0 100% 100%

m/z 1905.7 m/z2196.8 m/; 2487.8 | ‘

0% 0%

Figure 6. MALDI imaging mass spectrometry of O-acetylated gangliosides using saturated DHA/ammonium sulfate 125 mM/HFBA 0.05% using a
MALDI-LTQ in negative ion mode. The presence of one or two acetyl groups on sialic acid moieties induced a different distribution than that of the
nonacetylated ganglioside species.

(m/z2168.7). O-acetylGD1 (m/z 1905.7) and O-acetylGT1 (m/z d20:1 are also located in the hippocampus area, cortex, and
2196.7) ganglioside species that include the eicosasphingosine midbrain, mainly in the red nucleus and superficial gray superior
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Figure 7. MALDI imaging of ganglioside species in the hippocampus area. GD3 (d18:1/C18:0) ganglioside (1/z 1470.7) is chosen as reference to
localize Py and GL layers in the hippocampus and compared with the cresyl violet staining. The three layers in ML can be observed with a combination
image of GD1 (d20:1/C18:0) ganglioside species (1/z 1863.7) shown in red and O-acetylGD1 (d20:1/C18:0) ganglioside species (1/z 1905.7) in
green. The green layer represents the GL and contains only the O-acetylGD 1. The black layer represents the IML and does not contain either ganglioside
species. The yellow layer (MML) contains both, while the red layer (OML) contains only the GD1 ganglioside specie (A). The major ganglioside species
(GM1, GD1) were merged with the GD3 in one image to determine their precise location (B).

colliculus. Unlike GD1 and GT1 ganglioside species, the presence of
an acetyl group does not change the distribution for the GQ1
ganglioside species. GQI and O-acetylGQI species have the
same distribution in rat brain depending on the sphingoid base.
However, the 20-acetylGQ1 (d18:1/C18:0) ganglioside (m/z
2501.8) does not appear in the superficial gray superior collicu-
lus, but mostly in the corpus callosum and to a lesser extent in the
GL of the hippocampus.

Imaging Mass Spectrometry of Gangliosides in Hippo-
campal Cell Layers. We focused next on the hippocampus area
to localize ganglioside species with a high level of structural
accuracy (Figure 7). GD3 ganglioside (d18:1/C18:0) (m/z 1470.7)
was chosen as reference to localize the GL in the hippocampus. A
cresyl violet staining was performed to confirm its presence in the
GL. The three distinct layers IML, MML, and OML present in
the ML of the hippocampus can be visualized with AChE staining
as seen in The Rat Brain in Stereotaxic Coordinates.*® According to
the width measurements carried out directly on the rat brain
section optical image, the GL of the hippocampus represents a
width of 60—150 um, while the Py represents a width of 30—
50 um and the ML of the hippocampus a width between 250 and
350 um, containing three internal layers (Figure 7A.). A
combination image of the major GD1 (d20:1/C18:0) ganglio-
side (m/z 1863.7) depicted in red and the minor O-acetylGD1

(d20:1/C18:0) ganglioside (m/z 1905.7) in green shows the
four different layers present in the hippocampal area. The GL is
featured in green and contains only the O-acetylGD1 ganglio-
side. The IML is featured in black and does not contain either
ganglioside species, while the MML layer featured in yellow
contains both gangliosides, and the OML in red contains only
GD1. The minor GD3 ganglioside localization (red color) was
merged with the major GMI1 and GD1, which contain both
sphingosine and eicosasphingosine (green color), to determine
their differential distribution in the hippocampus area
(Figure 7B.). According to these results, neither GM1 species
is located in the body cell layers (Py and GL), but the GMI
(d18:1/C18:0) ganglioside (m/z 1544.7) is present to some
extent in the IML, lacunosum moleculare, oriens and radiatum
layers, and field CAl, in contrast to the GM1 (d20:1/C18:0)
ganglioside (m/z 1572.7), some of which is located in the MML
and OML but not in the IML and lacunosum moleculare. The
field CAl, oriens, and radiatum layers are also positive for this
GM.1 species. Disialoganglioside d18:1/C18:0 (m/z 1835.7) and
d20:1/C18:0 (m/z 1863.7) species have approximately the same
localization as monosialoganglioside species as a function of their
sphingoid base. However, in contrast to the GM1 (d20:1/C18:0)
ganglioside, GD1 (d20:1/C18:0) is mainly present in the MML
and OML layers.
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According to these results, the qualitative localization of
ganglioside species depend on (i) the degree of glycosylation
and sialylations, (ii) the ceramide structure defined by the
presence of either major sphingoid base d18:1 or d20:1, (iii)
the presence of acetylated sialic acid moieties, which do not seem
to fragment in source. Inmunostaining using antibodies, lectins,
or toxins to detect ganglioside molecules recognizes the head-
group of these molecules, which includes the sialylated oligo-
saccharide chain and depends on the degree of glycosylation and
sialylation. This technique has a high level of sensitivity and is
widely used in biology. However, imaging mass spectrometry is a
complementary method that recognizes all components of a
molecule, headgroup as well as ceramide core. Adding the
information obtained by molecular fragmentation makes it an
unparalleled and incontrovertible source of structural delineation;
thus we designated the technique with the title of “molecular
microscopy”. Furthermore, several antiganglioside antibodies
recognize both nonacetylated and acetylated forms of a ganglio-
side, while other antibodies recognize either nonacetylated or
acetylated forms thus generating much confusion. O-Acetylation
of ganglioside sialic acid moieties make them susceptible to
alkaline hydrolysis. Studies using alkaline conditions suggested
the presence of O-acetylation on a specific terminal 0.2 —8-linked
sialic acid residue in murine brain.”’ > These modifications
strongly influence the physiological properties of sialic acid
moieties.>**! In source fragmentation of sialic acids, which is
often alluded to in the literature,'®>* was also observed. However
the use of imaging software made correction of the flawed GM1
localization possible, so that the image corresponds to the native
GML1 rather than the GM1 generated by the loss of sialic acid
from GD1 and GT1 species often encountered in MALDI imaging.
The next challenge in ganglioside imaging is the differentiation
and mapping of isomers such as GD1a and GD1b. Furthermore,
this matrix preparation that detects minor and major ganglioside
species might also be useful for glycosphingolipid analysis in
biological fluids, from animal models of neurological diseases and
tumors where O-acetylated gangliosides are involved.>

B METHODS

Chemicals. Heptafluorobutyric acid (HFBA) and 2,6-dihydroxya-
cetophenone (DHA) were purchased from Fluka (St. Louis, MO).
Ethanol was purchased from the Winner-Graham Company (Cockeysville,
MD). Distilled water was obtained from a Picopure2 system (Hydro,
Rockville, MD). Ammonium sulfate was obtained from J.T Baker
(Phillipsburg, NJ).

Tissue Preparation. All the animal work in this study abides by
the Guide for the Care and Use of Laboratory Animals (NIH). Adult
Sprague—Dawley rat brains were removed from the skull and frozen in
dry ice chilled isopentane. The brain was attached to the cryostat
specimen disk using ice slush made from distilled water. Frozen brain
tissue was cut into thin sections (18 um thickness) using a cryostat (Leica
Microsystems CM3050S, Bannockburn, IL) at —25 °C (cryochamber
temperature) and —16 °C (specimen cooling temperature). For imaging,
coronal tissue slices were directly deposited on the MALDI target plate
and brought to room temperature before matrix coating. Total lipids
were extracted from two rat brain coronal sections (~2 mg) using
modified Folch extraction method.** We confirmed our peak assign-
ments by MS" using an ESI-LTQ. The upper phase (aqueous phase)
containing enriched ganglioside species was desalted with C18-bonded
silica gel columns (Supelco, Bellefonte, PA, USA) according to Williams
and McCluer,* dried under a gentle stream of nitrogen, and redissolved
in methanol and then kept at —20 °C until mass spectrometric analysis.

Mass Spectrometers. MALDI-LTQ. A LTQ XL (Thermo Fisher
Scientific, San Jose, CA) with a MALDI source was used to acquire the
MALDI imaging data. Samples are ionized with a nitrogen laser (4 = 337
nm, rep. rate = 60 Hz). All data was acquired in negative ion mode. For
GM3, GM2, GD3, GM1, GT3, GD1, and O-acetylGD1 species, data was
recorded in the m/z range of 1100—2000, and the imaging parameters were
2 microscans/step with 10 laser shots per step at alaser energy of 20 «J and a
raster step size of 80 ym. GT1 and O-acetylGT1 species were analyzed in
the m/z range of 2110—2220 with the following imaging parameters: 2
microscans/step, 10 laser shots per step, laser energy of 25 uJ, and a raster
step size of 80 um. For GQ1, O-acetylGQI, and 20-acetylGQI species, a
m/z range of 2410—2510 was used with the following imaging settings: 2
microscans/step, 30 laser shots per step, laser energy of 25 uJ, and a
raster step size of 80 ym. The two-dimensional ion density maps (MALDI
images) were generated using the ImageQuest software (Thermo
Scientific). In this software, a m/z range is plotted for signal intensity
for each pixel (mass spectrum) across a given area (tissue section).

ESI-LTQ Orbitrap Velos. A LTQ Orbitrap Velos (Thermo Fisher
Scientific, San Jose, CA) with an ESI source was used to analyze the brain
ganglioside extract. Data was recorded in negative ion mode with a
sample flow rate of S #L/min. MS” analyses in collision-induced dissocia-
tion (CID) and high-energy collisional dissociation (HCD) mode were
conducted on each ganglioside species in order to confirm the structure.

Matrix Preparation and Matrix Application System. Due to
its rapid sublimation under high vacuum,***’ 2,6-dihydroxyacetphenone
(DHA) matrix could not be used for imaging mass spectrometry. However,
we changed the chemical properties of the matrix preparation by adding
HFBA, which increased its stability in vacuum thus allowing its use for
tissue imaging. We previously mapped some gangliosides using a chemical
inkjet printer to deposit the matrix preparation,"* which is the matrix
deposition method of choice when imaging small molecules and for
profiling. However the size of the matrix spots can limit the resolution.
So in this study, we used an artistic airbrush to coat the tissue sections
with matrix, because gangliosides are embedded in the plasma mem-
brane and could not be delocalized like small molecules are when using
the airbrush spraying technique. DHA was prepared as a saturated solution
in 50% ethanol with 125 mM ammonium sulfate and 0.05% heptafluor-
obutyric acid (HFBA). Recently, it was shown that by addition of
ammonium sulfate and HFBA to DHA matrix solutions, its stability in
vacuum can be extended thus allowing imaging experiments to be conducted.
The matrix solution was sprayed on the tissue sections with an artistic
airbrush to produce a uniform coating of the matrix. To improve the matrix
coating and limit evaporation, the spraying was done in a cold room
(+4°C).

Signal Normalization Procedure Using ImageQuest Soft-
ware (Thermo Scientific). In order to improve the visual quality of
the images, the m/z range of interest was normalized by dividing by total
ion current (TIC). This was previously done in imaging to improve
image quality.*® Due to the in source fragmentation of GD1 yielding
GM]1, the GM1 m/z range was divided by the GD1 m/z range in order to
normalize the effects of this fragmentation. This processing was only
done for GM1 species.
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© Supporting Information. Additional MS” data used to
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